Uniaxial straining experiments were performed on a rolled and annealed Si-alloyed TRIP (transformation-induced plasticity) steel sheet in order to assess the role of its microstructure on the mechanical stability of austenite grains with respect to martensitic transformation. The transformation behavior of individual metastable austenite grains was studied both at the surface and inside the bulk of the material using electron back-scattered diffraction (EBSD) and X-ray diffraction (XRD) by deforming the samples to different strain levels up to about 20%. A comparison of XRD-and EBSD-results revealed that the retained austenite grains at the surface have a stronger tendency to transform than the austenite grains in the bulk of the material.
Introduction
The reduction in weight and increasing demands of safety in automotive applications are driving the development of advanced high-strength steels. Micro-alloyed steels with a microstructure consisting of different phases are aimed at producing steels of greater strength without much deterioration of its ductility [1] [2] [3] .
This material, denoted as TRIP (transformation-induced plasticity) steels, exhibits a complex multi-phase microstructure that consists of a ferritic matrix together with grains of bainite, metastable retained austenite and some martensite [4] . The retained austenite grains transform into martensite during deformation and this will delay the onset of necking, leading to higher ductility by means of the TRIP effect [1] .
However, the volume fraction of retained austenite does not contribute directly towards plasticity [5] . These results are consistent with the observations by Jacques et al. [6] that low-Si steel with a low initial content of retained austenite (~3%) displaying a significant elongation of ~20%. Therefore, for a more precise description of the microstructure-properties relation in TRIP-assisted steels, it is very important to know the microstructural features that influence the transformation behavior of retained austenite grains during deformation. A very accurate microstructural characterization will enable one to optimize the microstructure and mechanical properties of the material.
Understanding the deformation behavior could lead to an improvement of deformative capabilities of these materials. Therefore, several studies were carried out to reveal the deformation behavior of retained austenite in TRIP steels [7] [8] [9] . Experimental investigations showed that the austenite stability is affected by: (i) the constraining effect from the phases surrounding the retained austenite [10] , (ii) the crystallographic orientation of grains with respect to the loading direction [11] , (iii) the local carbon concentration in the austenite [12] and (iv) the grain volume of the retained austenite grains [14] . It has also been observed in these steels that the deformation behavior depends on the morphology of two types of retained austenite grains. Granular-type retained austenite grains were found to be less stable and to transform more easily than the lath-type or film-type austenite grains [13] .
The present work aims at investigating the transformation behavior of retained austenite grains in TRIP 800 steel upon uniaxial deformation. The microstructural features that influenced the transformation were identified. To this end, a detailed analysis of retained austenite transformation was conducted both at the surface and inside the bulk of material before and after straining using electron back-scatter diffraction (EBSD) and X-ray diffraction (XRD).
Experiments and testing procedures
TRIP 800 steel sheets with the chemical composition listed in Table 1 were studied in this work. The ultimate tensile strength of this steel is about 800 MPa as shown in Fig   1a. The material was commercially produced on an industrial continuous annealing line employing a re-heat into the two-phase region and arrested cooling with a lowtemperature bainitic isotherm. Dog-bone samples were prepared by spark erosion keeping the long axis along the rolling direction. The sample dimensions are shown in Figure 1b . To study the deformation behavior, EBSD and XRD experiments were performed on electropolished samples. Prior to electropolishing, the sample surface was ground using SiC emery paper starting with a 350 grain and finishing with a 4000 grain.
Then, the electropolishing was performed with freshly prepared electrolyte with a composition of 100 ml perchloric acid and 300 ml butanol in 500 ml methanol at 20 V and 10 °C for 20 seconds. Next, the electropolished samples were marked as shown in Figure 1b with small Vickers indentations with an applied load of 0.49 N to serve as reference points of EBSD patterns and also to determine the local strain of the sample.
The indentations were made 1000 μm apart and EBSD mapping was performed midway between the indentations to avoid their respective deformation zones. To avoid strain-aging effects and also to prevent carbon contamination of the sample surface, each sample was deformed only once to a desired level of strain. Of each sample, two EBSD maps (indicated as Area 1 and Area 2) and one X-ray diffractogram were recorded before and after deformation. A total of 15 samples were tested during this study.
Orientation imaging microscopy was performed using a JEOL JSM 6500F Schottky field emission gun scanning electron microscope (FEG-SEM) equipped with an HKL Nordlys II detector operated with Channel 5 software. A 20-keV focused electron beam with a beam current of approximately 1 nA was applied. The normal of the sample surface at a working distance of 25 mm was tilted to 70º with respect to the electron beam towards the EBSD detector. The distinction between the austenitic face centered cubic (fcc) and ferritic body centered cubic (bcc) phases was straightforward when 9 Kikuchi bands were used to analyze the diffraction patterns. All maps were recorded on areas of 24 × 18 µm 2 with a step size of 100 nm. The ellipsoid beam spot size was estimated to be 10 × 25 nm 2 . From the Kikuchi patterns, the corresponding orientation of each crystal lattice was determined with the Channel 5 software from HKL technology developed by Oxford Scientific Instruments.
The XRD measurements were performed on a Bruker D8 Advance diffractometer equipped with a Vantec position-sensitive detector and a graphite monochromator.
Data was collected at room temperature using monochromatic Co Kα radiation (λ = 0.179026 nm), 45 kV, 35 mA, in the 2θ region between 30° and 135°. The step size is 0.034° (2θ) and the counting time per step is 10 seconds. The sample was placed on a Si {510} substrate and was not rotated during the measurements. The irradiated area on the sample surface is about 10 mm in tensile direction or rolling direction and varies in width from 1 to 2 mm in the normal direction of the sample. XRD diffraction patterns were analyzed using the Bruker program EVA. The austenite fraction is determined from the ratio of the austenite (γ) and ferrite (α) diffraction peak intensities as explained by the Jatczak model [15] . The dislocation density in the ferrite phase ( ρ ) was calculated from the integral breadth of {110}, {200}, and {211} α peaks as proposed by Vermeulen et al. [16] using the following equation. The experimental stress-strain curve of the investigated steel is shown in Figure 1a .
The rectangular gauge section of the specimen had dimensions of 20×5×1 mm 3 Figure 1a . The stress-strain curve represents the bulk deformation behavior of the sample and but showed higher values of strain (~2-2.5% more than the local permanent strain) due to machine compliance. The local permanent strain experienced by the samples was therefore considered by measuring the distance between the indentations as shown in Figure 1b before and after the tensile test.
Optical microscopy (OM) was also used for the microstructural examination. A coloretching procedure as proposed by De et al. [17] was used to reveal the different phases.
Results and discussions

Characterization of retained austenite grains at the surface and inside the bulk of the steel before and after deformation
Light microscopic observations were performed in order to assess the deformation behavior near the surface and along the cross sections of the samples. The color-etching technique revealed ferrite in an off-white color, austenite in white and martensite in a straw tint and dark colour [17] . The retained austenite was distinguishable from ferrite and martensite and, consequently, the retained austenite phase fractions of microstructures shown in Figure 2 The differnces in austenite fraction in Figures 2a, 2c and 2e could be due to the rolling microstructure, which is anisotropic. The samples were deformed to 12.5% strain and the examination of samples after deformation revealed that the fraction of retained austenite near the surface (0.05% along the TD-RD plane, Figure 2b ) was considerably lower than in the cross sections (2.5 ± 0.7% along the ND-TD plane, Figure 2d , and 3.9 ± 1.2% along the ND-RD plane, Figure 2f ).
As the Image analyzer is has limited accuracy, EBSD and XRD measurements were performed in order to understand the differences in the deformation behavior of retained austenite grains both at the surface and inside the bulk of the material.
Initially XRD measurements were taken on a set of four samples that were not deformed. The average retained austenite fraction for four measurements in Table 2 is 17.4 ± 0.4%. Similar XRD measurements were taken after deformation. The retained austenite fraction was found to decrease with strain as observed in Figure 3 ; the corresponding values are listed in Table 2 . Retained austenite and ferrite can easily be distinguished by EBSD as they have different crystallographic structures whereas grains of martensite, grain boundaries and areas with a high dislocation density are not indexed by the software due to the poor strength of the Kikuchi patterns. Table 3 shows that the absolute fractions of retained austenite determined with EBSD vary from one sample to another and from one area to another. This variation in retained austenite demonstrates the inhomogeneous distribution of retained austenite grains within the steel as can be seen in Figure 4 . The absolute fractions are more consistent when using XRD because a considerably larger area of the sample is probed.
Furthermore, the analysis depth with XRD is about 11 µm, which is considerably larger than the analysis depth of diffracted electrons, which is maximal 50 nm.
The relative changes in retained austenite were used to describe the effect of strain as observed with both EBSD and XRD before and after deformation. As a result, the calculated relative fractions agree with data sets in Table 3 for the EBSD maps corresponding to Area 1 and Area 2. Figure 3 shows the relative variation of retained austenite determined with XRD and EBSD, respectively. Matsumura et al. [18] suggested that relative fractions of retained austenite (F γ ) will decrease with increasing strain ( ε ). The decay follows an inverse relationship in which A and B
were fitted with a least squares method:
where A = 0.1295 and B = 0.9734 for the XRD data set, whereas A = 0.2800 and B = 0.9339 for the EBSD data sets. The sum of the squares of the residuals for the XRD fit was found to be 0.0081 and for EBSD fit to be 0.0811. The stronger decrease in the relative trend of the retained austenite fraction of EBSD compared with that of XRD is explained by the differences in penetration depths with EBSD and XRD. These results are consistent with light microscopic observations that retained austenite grains near the surface transformed faster than in the bulk of the sample. These differences in transformation behavior could be due to the spatial freedom for austenite grains at the surface. Considering the shape changes associated with the austenite-to-martensite transformation, the grains at the surface are less spatially constrained than the grains in the bulk, allowing the transformation to proceed more easily at the surface.
Therefore, during the tensile test the austenite grains at the surface tend to transform at lower strains than the grains inside the bulk. This possibly accounts for the observed differences in the transformation behaviors at the surface and along the cross-sectional planes of these materials. The difference between XRD and EBSD data in Figure 3 could also be due to the limited area of the analysed EBSD maps, which cannot directly provide statistical information about the bulk. The EBSD investigations are nonetheless very valuable for revealing new insights into the deformation/transformation behaviors which can significantly extend our knowledge of these materials.
Micro-mechanical behavior of retained austenite grains during deformation
The Schmid factor is a measure of the relative ease with which each grain slips. In fcc metals, it is well known that dislocation movement occurs in four {111} slip planes with three possible <110> slip directions. Hence, 12 possible slip systems were considered for austenite. The grains having a higher Schmid factor are indicated in red whereas those with a very low Schmid factor are indicated in blue using rainbow coloring.
The microstructural changes and the transformation behavior of three types of austenite grains were carefully analyzed before and after deformation during this study. The first type of austenite grains were positioned at the ferrite triple edges. The second type contained twin faults, and the third type was completely embedded in a single ferrite grain.
Austenite grains at ferrite triple junctions
Upon deformation to 1.1% strain in Figure 4b , the TRIP 800 samples showed a transformation of some retained austenite grains. These austenite grains were mainly observed between the ferrite grains at the triple junctions as shown in the phase identification maps. When the samples are strained to 5.3%, it can be seen that 6 out The early transformation of austenite grains at the triple junctions could be attributed to the higher localized stresses at the grain boundaries. As the orientation of ferrite grains is different from that of its neighboring grains, each of these grains tends to deform differently resulting in higher stresses at the grain boundaries. In the general case, this will result in a triaxial state of stress on the grains of austenite and these are apparently more likely to transform during the deformation as suggested by Shan et al. [19] . In principle, apart from triple junctions, austenite grains can also be present at quadruple junctions within these steels. Although it is difficult to observe these with the EBSD maps, the transformation behavior of austenite grains at these junctions is expected to be similar to that of triple junctions.
Twinned austenite grains
Annealing twins are often seen in fcc metals as a result of cold working followed by annealing heat treatment [20] . However, the stability of fcc austenite grains with twin faults during the deformation process is yet not fully understood. Therefore the deformation behavior of twinned austenite grains was also carefully assessed during this work. The austenite grains having twin faults were distinguished from other austenite grains with the help of Special Boundaries (SB) in the HKL software by using an axis-angle definition to identify these boundaries. These twinned crystals were described by a 60° rotation about <111> between neighboring austenite grains and were indicated with blue boundaries in the phase identification maps in Figures   4a-4h . The samples strained to 1.1% showed that three of the twinned grains have transformed completely, whereas two of them have undergone a partial transformation as seen in Figure 4b . When the samples are strained to 5.3%, the majority (4 out of 6) of these twinned austenite grains have been transformed, as is clear from the phase identification maps in Figure 4d . With a further increase of the strain to 9.6% (Figure 4f ) and 13.4% (Figure 4g ) it is observed that all the twinned austenite grains have been completely transformed. From these observations it is clear that the local defects such as twins lower the stability of austenite grains and lead to an early transformation during the deformation process.
The possibility of martensitic transformation with twinning faults can be explained from the theory proposed by Hendrick and Schockley [21] . According to this theory, it is energetically feasible for twinning dislocation in fcc materials having a Burgers vector of [ 0 ] 2 a 11 to split into two partial dislocations, resulting in a nearly bcc (martensite) crystal structure. This dislocation reaction can be written as:
Similar to the austenite grains at the ferrite triple junctions, the surroundings do influence these twinned austenite grains. Figure S1c shows an austenite grain with twins T1 and T2. Observations after deformation of 1.1% strain revealed that twin T1 has completely transformed, whereas twin T2 has undergone a partial transformation with a change in orientation as seen in Figure S1d . In this case, both these twins T1
and T2 were seen to react differently due to the inherent differences in their orientations. The orientation changes after deformation in Figure S1d suggest that during the deformation each of these twins rotate differently, which generates higher stress at the twin boundary and thereby induces the transformation. Hence, these grains are observed to transform during the earlier stages of the deformation. In order to quantify the grain rotations, the angle and the axis of rotation was calculated for the above-mentioned embedded austenite grains (numbered in the band contrast maps in Figure S1a and Figures S2a,c,e,g ) and the surrounding ferrite grains.
Austenite grains embedded in single ferrite grains
The axis and the angles of these grains were calculated from Bunge notation as mentioned in Ref. [22] before and after deformation from the changes in Euler angles as shown in Table S1 . The relative grain rotation of austenite grains numbered 7-12 with 1.1% strain was investigated. All these austenite grains were chosen within a single ferrite grain as seen in Figure S2a . These grains resulted in rotation angles of 3.9°, 4.7°, 3.9°, 8.4°, 9.3° and 1.5° respectively. Interestingly, grains 10 and 11, which possessed similar orientations (see Figure 5a) , have rotated by similar angles of 8.4°
and 9.3°, respectively. These observations are also consistent with grains 2 and 4 in Figure S1 a, which show rotation angles of 8.1°, 6.4° and with grains 4-7 in Figure   S2c , which show rotation angles of 2.8°, 3.1°, 1.5° and 3.8° respectively. The above results demonstrate that grains having a similar crystallographic orientation with respect to the straining direction experience similar rotations.
The local deformation and transformation behavior of these embedded austenite grains is further assessed with the help of Schmid factor maps. It is well known that grains having the highest Schmid factor will undergo deformation faster because the slip planes in these grains need not undergo much rotation before the resolved shear stress reaches a critical value. However, in this steel we observed that 16 out of 21 investigated embedded austenite grains with the highest Schmid factors (indicated in red in Figure 6 ) did not transform to martensite, but rotated instead. The changes in the Schmid factor was further investigated for 40 embedded grains with both higher and lower Schmid factors before and after deformation. The analysis revealed that 31 of these grains have a lower Schmid factor after deformation. A plot of the Schmid factor as a function of strain for all these grains is shown in Figure 7 . The plot clearly shows a decrease in the Schmid factor with increasing strain. As the tensile axis is fixed during the deformation, the slip planes and slip directions will rotate due to grain rotation. Given that the Schmid factor is the ratio of resolved shear stress to axial stress, a lowering of the Schmid factors would result in a lowering of critical resolved shear stress for martensitic transformation. Thereby these embedded austenite grains are found to transform at later stages of deformation.
From the observations discussed above, the question now arises why the austenite grains often rotate prior to the transformation to martensite. First, a distinction should be made between austenite grains at triple junctions and austenite grains that are completely embedded by a single, larger ferrite grain. Rotations were observed only in the case of the "embedded" austenite grains as seen in Table S1 . The rotations are caused by strain and they occur preferentially within single ferrite grains because the stress state around the embedded austenite grains is much more uniform than the austenite grains at the ferrite triple junctions. Therefore a high local stress, which could act as a driving force for the transformation, is not easily obtained. Hence, rather than to undergo a phase transformation, the austenite crystal rotates, most likely because the stress can be better accommodated along particular crystallographic directions. These grains of retained austenite within the ferrite grain transform at a later stage because these hard austenite grains can respond to the stresses exerted on them by the surrounding ferrite grains by undergoing rotations in a soft ferrite matrix.
Grain rotation-induced plasticity
Dislocation densities inside ferrite grains were calculated from analysis of the width of XRD-peaks (see Section 2, figure 8a ) as a function of strain to understand the deformation behavior in these steels. Considering the anisotropy in this multi-phase steel, the dislocation density was calculated for {110}, {200}, and {211} family of planes for ferrite. It was observed that the dislocation density in ferrite increases with increasing strain as can be seen in Figure 8b . The increased dislocation density in ferrite and the decreased austenite content presented in Figure 3 after 13.4% and 19.2% strain indicate that ferrite starts to take up the majority of the nominal strain after 13.4%. However, according to Bhadeshia [5] , the austenite-to-martensite transformation contributes only ~2% of the total strain. Therefore the question remains as to which mechanism contributes to the ductility during the initial 10% of strain.
Recent findings by Liu et al. [23] indicate that grain rotations during the tensile test are a potential source of ductility in nanocrystalline metals. Moreover, molecular dynamics simulations by Haslam et al. [24] suggest that elastic anisotropy of surrounding grains may well contribute to grain rotations in polycrystals with grain sizes greater than 1 µm. Therefore, austenite grain rotations were closely assessed to understand the plastic deformation behavior in these materials.
The contribution of grain rotations to the ductility can be understood by considering the austenite grain labeled A as shown in Figures S1c and S1d. The austenite grain is clearly seen to have undergone a physical rotation, leading to a change in the crystallographic orientation. Changes in the austenite grain shapes were considered from the EBSD maps in Figure S2a . The shape of austenite grain 7 can be treated approximately as an ellipsoid with its long axis nearly perpendicular to the loading axis. With the increasing external strain seen in Figure S2b , the short axis of the grain increases gradually and the long axis decreases. The increased dislocation density in the surrounding ferrite grains indicates that the plasticity was accommodated in ferrite grains by the grain reshaping process during these rotations. Most likely upon deformation the austenite grains rotate through a combined mechanism of grain boundary slip and grain boundary migration as discussed by Haslam et al. [24] . As most of the austenite grains are non-spherical in shape, this will result in a change in length along the tensile direction, i.e., the rotation of the harder austenite grain within the softer ferrite can contribute to tensile extension. Furthermore, it is well known that strain hardening is caused by dislocation pileups at the barriers in a crystal [21] . The rotation of embedded austenite grains, which acts as a barrier to the movement of dislocations inside ferrite grains, could reduce the back stress on dislocations and postpone the crack initiation process. This can result in the delay of necking during the tensile deformation, thereby leading to an enhanced ductility in these steels. The specific rotation of a particular embedded austenite grain will depend both on the local stress state and the relative orientation of the austenite and ferrite grains. Grains at the surface (as probed by SEM and EBSD) are less confined than grains in the bulk.
Therefore, surface grains are more susceptible to shape changes and reorientations.
Recent investigations by Jang and Greer [25] suggest that the presence of free surfaces activates grain boundary mediated processes like grain rotations due to the reduction in sample dimensions during the deformation process. Nonetheless, it can be expected that these processes also occur in the bulk, which has been previously observed for bulk grains in aluminum during deformation [26] . Considering that the ferritic matrix is soft and the grains of austenite are hard, such rotations are also feasible in the bulk of the steel. However, rotations in the bulk will likely be less pronounced than the ones observed at the surface. Micromechanical modeling simulations of strain-induced austenite grain rotations within single ferrite grains may be an interesting topic of research for future work.
Conclusions
The deformation behavior of TRIP 800 steel sheet was investigated at the surface and inside the bulk by performing EBSD and XRD experiments. These experiments show that the retained austenite grains at the surface have a stronger tendency to transform than the retained austenite grains in the bulk of the material. Local defects, such as twins, lower the stability of austenite grains and thus transform at the earlier stages during the deformation process. Austenite grains positioned at grain boundaries between multiple ferrite grains were amongst the first to transform, whereas austenite grains that are completely embedded in larger ferrite grains were often found to undergo rotations. These differences in strain-induced behavior are likely associated with different stress states and grain rotation capabilities experienced by the austenite grains upon deformation. The rotation angles of embedded austenite grains were found to be dependent on the crystallographic orientation of the grains with respect to the straining direction. A lowering of Schmid factors of embedded austenite grains is seen to be the driving force for the delayed transformation of these grains during the deformation process. The current findings suggest that grain rotation is an additional mechanism contributing to the high ductility of these steels and may be as important as the contribution of the austenite-martensite transformation.
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